In the lithium-caesium sulphate crystal in the temperature range of ferroelastic phase transition, the uniaxial stress σ X induced changes in velocity and attenuation of the longitudinal ultrasonic wave propagating in the direction [010] are studied. The phase transition is close to the three-critical point and the critical exponent is κ = 0 27 ± 0 02. The stress applied drastically decreases the stepwise change in the wave velocity at T C up to its disappearance at 2 MPa. In the temperature range between T C and T C − 6 K, the stress leads to an increase in the wave velocity and a decrease in its attenuation. This range was interpreted as that of co-existence of ferroelastic and incommensurate ordering, in which the stress influences the density of solitons leading to stiffening of the crystal lattice. 
Introduction
Physical properties of the lithium-caesium sulphate, or LiCsSO 4 (LCS) crystal, have been intensely studied for several decades. At room temperature LCS crystals have orthorhombic pseudo-hexagonal symmetry with the space group Pcmn Z = 4. The elementary cell parameters are: = 9 456 Å, = 5 423 Å and = 8 820 Å [1] . The phase transition at T C = 202 K leads to the monoclinic phase of P112 1 /n symmetry [1, 2] . The transition of order-disorder type and the mechanism leading to the ordered phase involves rotations of the SO 4 tetrahedra in the ab plane * E-mail: zbigtyl@amu.edu.pl [3, 4] . According to the rules of symmetry changes [5] , this phase is ferroelastic and the macroscopic order parameter is the spontaneous deformation η 6 , bilinearly coupled with the microscopic order parameter. The ferroelasticity of LiCsSO 4 crystal was established by direct observation of a stress-strain hysteresis curve by Lim et al. [6] , who also studied the domain structure through 7 Li and 133 Cs Nuclear Magnetic Resonance (NMR) [7] . The most interesting features are the anomalous changes in the elasticity tensor components accompanying this phase transition, of which the most pronounced are those in c 66 as it decreases by one order of magnitude. The changes in the elasticity tensor components have been studied by different methods covering a wide range of frequencies from single hertz (reversed torsional pendulum method [8] ), through the range of megahertz (ultrasonic wave propagation [9, 10] ) to gi-gahertz frequencies (Brillouin scattering [11] ). Moreover, changes in the specific heat and thermal expansion coefficient [12, 13] have been studied along with the ferroelastic domain structure [1, 14] .
Despite being the subject of intense study over a number of years, there are several unusual changes in physical properties of this crystal taking place at the phase transition that still require explanation. Just such an exceptional phenomenon is the presence of a double elastic hysteresis loop upon twisting of the samples cut out along the [010] direction, whilst for the samples cut out along the [100] direction the usual result of a single hysteresis loop is observed [8] . Another phenomenon that requires explanation is the origin of the large anomaly in permittivity in the [010] direction [8, 15] at the ferroelastic phase transition, knowing that if the only order parameter is spontaneous deformation such an anomaly should not take place. Also surprising is the decrease in the volume expansion coefficient at T C [12] , which usually increases on heating, and a positive temperature coefficient of the longitudinal wave velocity in the paraelastic phase [9, 11] .
Kruglik et al. [1] have reported that at T C −7 K the ferroelastic domain structure undergoes reorganisation, which indicates the occurrence of an intermediate phase. This indication has been confirmed by Electron Paramagnetic Resonance (EPR) results [16, 17] . The study of changes in the elastic properties of the crystal in the range of the phase transition by the method of Dynamic Mechanical Analysis (DMA) [18, 19] has revealed an elastic anomaly in the range 190 − 195 K, i.e. at temperatures other than the classical ferroelastic phase transition point. Analysis of the temperature changes in the low-frequency part of the Raman scattering spectrum has suggested the occurrence of incommensurate ordering in the low-temperature phase [20] . This new information has prompted us to study once again the anomalies of the elastic properties of LCS subjected to one-dimensional uniaxial stress by a very accurate method of ultrasonic wave propagation.
From among the extensive parameters used in the studies of ferroic (ferroelectric or ferroelastic) phase transition, such as temperature, hydrostatic pressure and electric field, the effect of uniaxial stress has been rarely investigated. It is hard to understand as this parameter is widely used in investigation of semiconductors and metals. The possible reasons for this situation can be experimental problems, the necessity of highly precise sample treatment and poor mechanical strength of ionic crystals, in which ferroic transitions usually take place. In contrast to the application of hydrostatic pressure, the uniaxial stress permits detection of anisotropies of different properties and can induce some interesting effects such as ferroelectricity in SrTiO 3 [21] , disappearance of ferroelectricity in [26] and Sn 2 P 2 S 6 [27] . To the best of our knowledge only one paper has been published on the influence of uniaxial stress on the dielectric anomaly in the LCS crystal [15] . Our study was undertaken to investigate the effect of the uniaxial stress on the elastic anomalies in the range of the ferroelastic phase transition in this crystal. 4 , by slow evaporation at a stabilised temperature of 305 K. The crystals were purified from alien ions and admixtures by three times repeated crystallisation. The single crystals obtained were in the shape of a hexagonal pyramid made of six twins. From crystals which were large, optically homogeneous and devoid of inner stress, a few samples were cut out in the form of rectangular prisms of the size 7 × 7 × 5 mm 3 . The orientation of the edges coincided with the directions of the crystal lattices. The accuracy of parallelism of the optically polished surfaces was better than 10
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, while the accuracy of the edges orientation was ±0 5°. The planarity of the surfaces, especially those in perpendicular to the direction of stress application, was verified by the method of Newton rings.
The samples were mounted in a home-made holder that permitted measurements of the velocity and attenuation coefficient of ultrasonic waves in the range 80 − 600 K and application of the uniaxial stress up to 20 MPa. The uniaxial stress was obtained by compression of a carefully calibrated spring mounted outside the holder. To counteract the sample cracking caused by inaccurate surface polishing, a thin mylar foil was placed between the sample and the stainless steel pistons. The error in stress was estimated as 3%. The piezoelectric transducer made of lithium niobiate was adhered to the sample surface through silicon grease to generate the longitudinal ultrasonic wave at a frequency of 10.6 MHz. The ultrasonic measurements were made using a MATEC unit system composed of a generator/receiver (TB 1000) and a digital oscilloscope (SR 9010), permitting determination of the velocity and attenuation of ultrasonic pulses with the help of the Fast Fourier Transform (FFT) procedure and fast deconvolution. The accuracies of measurements of the velocity and attenuation were ∆ = 3 cm/s and ∆α = 0 005 dB/cm, respectively.
Measurements of the velocity and attenuation of the lon-gitudinal ultrasonic wave propagating along [010] were made on monotonous decrease in temperature at the rate of 0.05 K/min, regulated by a temperature controller (UNI-PAN 680). Temperature was measured to the accuracy of ±0 02 K by the thermocouple attached to the sample. The uniaxial stress applied along [100] was changed in the paraelastic phase at 210 K. Figures 1 and 2 present the temperature changes as a function of velocity and attenuation of the ultrasonic wave in the temperature range of the ferroelastic phase transition. The temperature range can be divided into three subranges. The first corresponds to the paraelastic phase in which the wave velocity increases nearly linearly with increasing temperature and the temperature coefficient is
The second range corresponds to the direct neighbourhood of the phase transition covering the phase transition point (∆T = 0 1 K) in which the wave velocity undergoes stepwise changes ∆ Y = 18 5 m/s. The third subrange covers the low-temperature ferroelastic phase. Without stress the ultrasonic wave attenuation reaches a maximum at 0.48 K below T C = 202 5 K (T C is the temperature associated with a minimum of velocity). This fact suggests that the relaxation time of the order parameter coupled with deformation of the longitudinal wave is of the order of nanoseconds (for the sake of comparison in TGS the relaxation time of the order parameter is of the order of picoseconds). The uniaxial stress applied along [100] brings about two known effects: a shift of the phase transition temperature, and small changes in the wave velocity caused by nonlinear changes in elasticity in the range of a few degrees above and below T C . The most important changes are observed in the range from T C to 196 K. The stress of 2 MPa resulted in a total disappearance of the stepwise changes in the wave velocity at T C . In the range of a few degrees below T C the stress drastically altered the character of temperature changes associated with the wave velocity. Already at a small stress of 0.36 MPa a maximum in the wave velocity appeared at T C − 1 3 K. With increasing stress this maximum was shifted towards higher temperatures and became flattened. Similar changes were noted for the attenuation of the ultrasonic wave. On investigating the changes in the dielectric anomaly under the uniaxial stress applied to the LiCsSO 4 crystal, just such an inhibition effect of the phase transition was observed [14] ; in this study the directions [100] and [010] were interchanged and the stress was applied in the ferroelastic phase. A similar although marginally less pronounced effect of stress has been observed on the c 33 component of the elasticity coefficient of K 2 SeO 4 in the range of transition to the incommensurate phase [28] .
Discussion
Shift of the phase transition temperature
As expected, the uniaxial stress σ X applied changes the phase transition temperature and the stress coefficient is +0 33 K/MPa (see Fig. 3 ). The value of ∂T C ∂σ X calculated from the Pippard-Janovec equation:
with the literature data of the molar volume V = 2 7238 m 3 /mol, specific heat capacity ∆C = −43 Jmol 
Nonlinear elastic effects
In substances subjected to external stress, the velocity of ultrasonic wave propagation can be expressed through the components of the second and third order elasticity tensors [29] . Because of experimental difficulties, and a large number of independent components of the six rank tensor of nonlinear elasticity, the objects of the studies were mainly isotropic materials or crystals of high -cubic or hexagonal -symmetry. Contrary to the method of generation of the II harmonics of the elastic wave in which the adiabatic third order elastic moduli are determined:
the dependence of the wave velocity on external stress allows a determination of the mixed moduli (adiabaticisothermal): [30, 31] . Usually the difference between them does not exceed 10%. The LCS crystal belongs to the orthorhombic system (point group mm2) in the paraelastic phase and to the monoclinic system (point group 2/m) in the ferroelastic phase and has 20 and 32 independent components of the third order elasticity tensor, respectively. Determination of the values of all components of the nonlinear third order elasticity tensor requires many independent measurements and is beyond the scope of our work. Nevertheless, the relative changes in the elastic wave velocity induced by external stress can be treated as a measure of nonlinear elastic susceptibility. Far from the phase transition, both in the para-and ferro-elastic phase, the influence of the phase transition phenomena is nonessential and we can deal only with the nonlinearity of the crystal lattice. It is worth mentioning that in the paraelastic phase the stress σ X causes a decrease in the velocity, while in the ferroelastic one the effect of stress is the opposite.
The calculated values of the stress derivatives of the relative velocity changes, 
Depression of the ferroelastic phase transition
Ozeki & Sawada [33] have proved that the treatment of the LCS phase transition as a proper ferroelastic one is insufficient and it should be described as a pseudo-proper one. Then, the free energy expansion for the propagation of a longitudinal elastic wave becomes:
where is the internal order parameter and α = α 0 (T − T 0 ). The term 1 6 γ 6 was included as the phase transition point is close to the tricritical point [34] . The term ξ η 6 describes the bilinear coupling of the order parameter with spontaneous deformation η 6 and is significant when the transversal wave corresponding to the soft c 66 component of the elasticity tensor propagates in the crystal. For the longitudinal ultrasonic wave, the coupling between the order parameter and the wave deformation is square-linear [35] -term ζ 2 η 2 -and describes the stepwise changes in its velocity in the phase transition region. The term 1 2 22 η 2 2 describes elastic energy of the longitudinal wave propagating along the [010] direction. The problem is whether the phase transition is of the second order as follows from the temperature changes in spontaneous deformation determined from Brillouin scattering spectra [11] , or if it is close to the tricritical point as follows from the x-ray investigation of monoclinic distortion in the ferroelastic phase [3, 36] . The answer to this dilemma can be obtained from the study of the temperature changes in the velocity and attenuation of an ultrasonic wave not related to the soft acoustic mode. Within the dynamic theory of elastic wave propagation at continuous phase transitions, Landau and Khalatnikov [37] derived equations for changes in the wave velocity and attenuation at T C as follows:
where α 0 is background attenuation in the hightemperature phase and ∞ and 0 are the wave velocities above and just below the phase transition point. For the continuous transitions and for non-piezoelectric crystals the relaxation time is:
The kinetic coefficient L, which has no singularity at the phase transition, satisfies the formula:
The exponent κ is 0.5 for the second order phase transitions and 0.25 for the tricritical point. For the ultrasonic wave of the megahertz frequency and for temperatures not too close to T C , we have ωτ 1. Thus, ∆α = Aω 2 τ and consequently, (∆α) −2κ ∼ T C − T . The exponent κ was calculated from the temperature changes in the inverse attenuation shown in Fig. 4 to be 0 27 ± 0 02, which is close to its value for the tricritical point. The uniaxial stress applied along the direction [100] leads to a drastic decrease in the jump in the wave velocity at T C (this jump disappears at the stress of 2 MPa) and at the same time to a decrease in the maximum attenuation (Fig. 5) . According to Equations (3) and (4), the minimum of the ultrasonic wave velocity occurs at T = T C , whereas the ∆α maximum occurs at T = T C − ωτ 0 , therefore for the crystal without stress τ 0 = 4 5 · 10
s/K. With increasing stress the temperature of ∆α max increases at a slower rate than that of min (see Fig. 3 ), which is why τ 0 increases to 8 6 · 10 −8 s/K at 1.5 MPa. As the internal order parameter is the rotation of SO 4 tetrahedra, it is reasonable to suppose that the stress σ X at first hinders and later blocks the possibility of this rotation. The above supposition could be verified by Raman scattering study of the crystal under such stress.
Phase coexistence below T C
Another phenomenon observed upon compression of the LCS crystal in the [100] direction was an increase in the wave velocity in the ferroelastic phase in a temperature range up to 6 K from the phase transition point. Even a small stress of 0.36 MPa resulted in the appearance of the wave velocity maximum at 201.2 K. With increasing stress the wave velocity maximum increased and the temperature of its appearance also increased (Fig. 6) . In the temperature range below 196.5 K, the influence of stress on the wave velocity was small and manifested only by nonlinear elasticity of the crystal. It can be said that in the range of a few degrees below T C the stress causes an extra increase in the crystal rigidity. In the LCS crystal the range of a few degrees below T C seems to be particularly interesting. Misra & Misiak [38] , on the basis of analysis of the EPR line shape, have postulated the presence of an intermediate phase in the range from 194 K to T C . This phase shows an incommensurate ordering manifested in the Raman scattering spectra by changes in the low-frequency vibrations of the crystal lattice [39] . Moreover, at 196 K a reorganisation of the ferroelastic domain structure was observed [1, 16, 18] , and an additional anomaly in the elastic properties of the crystal was detected by the method of dynamic mechanical analysis [18] . Kurzyński et al., who studied the Ising model in which pseudo-spins corresponded to the rotations of SO 4 tetrahedra, concluded that in the phase below T C the ferroelastic and incommensurate types of ordering co-existed. The incommensurability occurs in the regions separating the ferroelastic domains oriented in the opposite directions and the incommensurate vector is directed along the [100] axis. The ferro-ordered and antiferro-ordered pseudo-spins make the incommensurate soliton network. Such solitons as shown in [40, 41] will, in the direction parallel to the incommensurate vector, generate a highly non-uniform deformation of the crystal lattice which is proportional to the density of the solitons. In view of the above, it is understandable that the uniaxial stress applied in the [100] direction induces changes in the soliton density and, therefore, increases the rigidity of the crystal lattice, leading to an increase in the ultrasonic wave velocity. Fig. 7 presents changes in the ultrasonic wave velocity induced by the stress applied. A similar but much smaller effect has been observed in the incommensurate phase in the crystals K 2 SeO 4 [28] and Rb 2 ZnCl 4 [42] [43] [44] . 
Conclusions
In LiCsSO 4 crystal the velocity and attenuation of the longitudinal ultrasonic wave propagating in the [010] direction were investigated in the temperature range of ferroelastic phase transition. The uniaxial stress applied along the [100] direction had a minor impact upon the wave velocity above and below the phase transition temperature due to nonlinear elasticity, and drastically decreased the stepwise change in the wave velocity at T C up to its disappearance at 2 MPa. The maximal value of the wave attenuation decreased more than ten times upon stress σ X = 5 85 MPa, and the temperature of α max increased from 202.2 to 202.7 K. One can say that the uniaxial stress acting along the [100] direction depresses the anomalies of velocity and attenuation of the longitudinal wave propagating along the [010] direction.
Phenomenological analysis of the free energy expansion for the elastic wave propagating through the ferroelastic crystal shows that the phase transition in LiCsSO 4 crystal is close to the three-critical point and the critical exponent is κ = 0 27 ± 0 02. In the temperature range between T C and T C − 6 K, the stress leads to an increase in the wave velocity and decrease in its attenuation. This range was interpreted as that of co-existence of ferroelastic and incommensurate ordering, in which the stress influences the density of solitons leading to stiffening of the crystal lattice.
